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In Brief
Robin et al. report on a fossil mite located on a 320-Ma-old insect. Based on preservation of the associated insects and on the morphology and position of the mite, the authors assume a syn vivo, phoretic association. This is the earliest case of symbiosis between a mite and a larger animal, revealing the antiquity of such interactions.
SUMMARY
Symbiosis [1] , understood as prolonged interspecific association, is as ancient as the eukaryotic cell [2, 3] . A variety of such associations have been reported in the continental fossil record, albeit sporadically. As for mites, which as a group have been present since the Devonian (ca. 390 mya) [4, 5] and are involved in a tremendous variety of modern-day symbioses, reported associations are limited to a few amber-preserved cases [6] [7] [8] [9] [10] [11] , with the earliest instance in the Cretaceous (ca. 85 mya) [11] . As a consequence, the antiquity and origin of associations involving small-sized mites and larger animals are poorly understood. Here we report, recovered from the Carboniferous Xiaheyan locality (ca. 320 mya), an oribatid mite located on the thorax of an extinct relative of grasshoppers, crickets, and katydids [12] . The mite was investigated using several methods, including phasecontrast tomography. The detailed morphological data allowed the placement of the mite in a new family within Mixonomata, whose fossil record is thus extended by ca. 250 Ma. Specimen and abundance distribution data derived from the fossil insect sample indicate that specimens from the corresponding excavation site were buried rapidly and were sub-autochthonous, indicating a syn vivo association. Moreover, the mite is located in a sequestered position on the insect. The observed interaction best fits the definition for phoresy, in which the benefit is transport and protection for the mite. This discovery demonstrates that this association, a trait shared by representatives of the most speciose mite taxa, arose very early during mite evolution.
RESULTS
Herein we report a new insect specimen belonging to Miamia maimai Bé thoux et al., 2012, one of the archaeorthopteran species very common in the Xiaheyan locality. The specimen is unique in that a mite occurs on it (Figures 1, 2, and 3 ).
Systematic Paleontology
Material Specimen CNU-NX1-171 (Capital Normal University, Beijing, China; curator D.R.), composed of two slabs exposing an insect and a mite, the latter located on the insect metathorax nearby the hindwing insertion point. The mite is three-dimensionally preserved and is split along a dorsoventral plane. Type Locality Xiaheyan, Tupo Formation (Ningxia, China), Dragon-0 excavation site. Stratigraphic Age Namurian, Late Carboniferous [13] . Taxonomy. Despite its comparatively mediocre preservation, the insect individual can be reasonably identified. The stoutness of thoracic segments, the slightly concave anterior wing margin, the narrow area between the anterior wing margin and the posterior subcostal vein (forewing), and the faintness of wing veins all are traits reported in M. maimai [12] . The size matches as well. Finally, the species accounts for more than 45% of all determinable individuals collected from Dragon-0. (Figures 1, 2, and 3) . Diagnosis. By monotypy, as for the genus. Type Material. Specimen CNU-NX1-171 (see above). Etymology. The genus name is a combination of ''carbo,'' referring to the fossil age, and ''lohmannia,'' which was originally dedicated to the German acarologist Hans Lohmann and became a traditional name ending in mixonomatid Oribatida systematics. The specific epithet is derived from that of the insect species on which the mite was found (maimai) and from ''phileo'' (''to love as a friend'' in Ancient Greek), owing to the observed association. Specimen Description. See Supplemental Experimental Procedures.
Taxonomy. For such an ancient fossil imprint, our mite is outstandingly well preserved. Based on the shape of its coxisternum, anogenital area, and dorsum (Figures 2A-2D ), it is undoubtedly an oribatid mite. Beyond this level, C. maimaiphilus shows a puzzling combination of characters. Dichoidy (sejugal articulation of the otherwise inflexible body; Figure 3B ) is characteristic of Mixonomata, Enarthronota, and some more-derived Nothrina (Desmonomata) [14] . However, the complex, telescoping character of this articulation in Carbolohmannia is shared with Mixonomata [15, 16] . Various separations of the ventral shields occur among all oribatid groups, but the particular kind of Carbolohmannia, a transverse scissure just anteriad of the anal opening ( Figure 3C ), is not found in any other taxon [15] . Large bothridia, the morphology of the anogenital area (especially the pear-shaped anal opening), and an anteriorly narrow and posteriorly widened notogaster ( Figures 2E-2H ) are characteristic of Brachypylina (Desmonomata), but brachypylines always have acetabulae (sockets) protecting their leg insertions, and their genua are much shorter than the other leg segments, not like in Carbolohmannia. Thus, of the five major oribatid groupings (Figure 4 ), the fossil presents character states of three, viz. Desmonomata, Enarthronota, and Mixonomata, and has a unique composition of the ventral shielding. This makes the description of a new species as well as the erection of a new genus and family necessary. Considering the telescoping ventrosejugal articulation to be the trait least susceptible to repeated, convergent appearances, we provisionally place the Carbolohmanniidae in the Mixonomata.
The previous earliest Mixonomata is from the Eocene Baltic amber [17] . Therefore, our discovery extends the fossil record of Mixonomata by $250 Ma. This is consistent with a hypothesis of this group being basal to the clade encompassing Nothrina, Brachypylina, and Astigmata [14, 18] , the oldest Brachypylina being documented from the Jurassic of the Russian Far East [19] .
Preservation and Abundance of Insect Material at Xiaheyan
In order to determine the post mortem versus syn vivo nature of the observed association, we investigated conditions of deposition at Xiaheyan, a locality that provides unprecedented data on the earliest insect faunas [20, 21] . We conducted a taphonomy analysis focused on insect morphological structures altered early during decay [22] . We investigated insect samples from two excavation sites, namely Phoenix-0 (same layer as Dragon-0, from which the specimen CNU-NX1-171 was recovered) and Phoenix-2 (see Table S1 and Supplemental Experimental Procedures). Our results show that the insect content at Phoenix-0 is composed almost exclusively of individuals in pristine condition (wings in connection with the thorax, most specimens with intact abdomen). The particular insect specimen on which the mite occurs does not show evidence of decay (notably, its abdomen is intact). We also investigated abundance distribution of three insect assemblages (Phoenix-0 and Dragon-0 versus Phoenix-2). The Phoenix-0 and Dragon-0 taphocoenosis is comparatively depauperate in terms of diversity. Moreover, individual remains of M. maimai and of another undescribed stem orthopteran together represent more than half of all remains. In contrast, at Phoenix-2, six species contribute equally ($10%-13% each). We interpret these figures as indicative of distinct depositional environments: while fossils at Phoenix-2 were gathered from a broad area and transported, i.e. are allochthonous, the Phoenix-0 and Dragon-0 taphocoenosis was assembled from a nearby, local insect community.
DISCUSSION
Based on the preservation and abundance analysis, we conclude that the carcass of M. maimai in our specimen experienced almost no transport and a very rapid burial in anaerobic conditions. Under this scenario, C. maimaiphilus would have been unable to reach the dead insect. Moreover, oribatid mites are only rarely found around the carcasses of large insects [23, 24] . A scavenger would have targeted easily accessible areas of the insect, such as the abdomen, while our mite is positioned on the side of the insect metathorax, i.e., either below the hindwing or between the forewing and the hindwing. In summary, all aspects being considered indicate that the protagonists were associated while both were alive and were buried simultaneously, the mite being probably trapped alive between the thoracic sclerites and the wings of the insect. In other words, the observed association was a syn vivo interaction, the nature of which we explore below.
The morphological, behavioral, and ecological diversity of mites is overwhelming, and much of it is related to their interspecific relationships, primarily with insects and vertebrates [25] . Of all mites, non-astigmatine Oribatida (such as C. maimaiphilus) seem the least involved in such relationships: known since the Middle Devonian (ca. 380 mya) [4, 5] , they are mostly free-living soil and canopy saprophages, rarely predators and scavengers on small invertebrates [15] . Below, we successively survey several aspects, namely the occurrence, or lack thereof, of particular adaptations on the side of the mite relating to a particular association type; the location of the mite on its host; the taxonomic distribution of association types among close extant relatives of C. maimaiphilus; and the taxonomic connection between mite lineages and host lineages. Preliminarily, given that there is no evident advantage for the host, a mutualistic interaction can be excluded.
C. maimaiphilus does not show any obvious adaptation to parasitism, such as leg regression, spines, or specialized attachment structures, occurring in parasitic Astigmata [26] . This association type can be readily excluded. Therefore, the observed interaction best fits the definition for commensalism, specifically a benefit for the epibiont at no cost to the host, and more particularly the phoretic case, in which the benefit is transport and protection. Most extant phoretic oribatid mites show no morphological adaptation for attachment to their carriers. The few, limited exceptions are the modified anterior claws in Paraleius spp. (Brachypylina) [27] and a minute tooth on the genital plates of some Mesoplophora (Enarthronota) [28] . Even if present, they would be hardly detectable in a fossil imprint. Therefore, the lack of a particular morphological adaptation does not preclude the phoretic ability of C. maimaiphilus.
Extant phoretic or parasitic oribatid mites opt for sequestered, but also more exposed, areas on their host. For example, they have been reported in spiracles and under the wings in cockroaches [28] , but also on the thorax and leg in flies [29, 30] and in large numbers on the dorsum of harvestmen [31] . On beetles, which account for the majority of such records, oribatid mites occur in various furrows and under wings and elytra but can be more exposed, located on body and appendages [27, 28, 32] . The sequestered location of C. maimaiphilus on its host supports a phoretic interpretation.
Except for the Astigmata, which display elaborate adaptations to phoresy and parasitism, most extant relatives of C. maimaiphilus are not involved in intimate interspecific associations (Figure 4) . However, scattered cases of phoresy by nothrine and brachypyline mites (with no morphological adaptation to this type of interaction) have been reported (Figure 4 ; [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] ). Given the uncertainty on the phylogeny of oribatid groups, it is not clear whether phoresy was acquired in a lineage encompassing Enarthronota, Mixonomata, and Desmonomata, in which case it can be expected in C. maimaiphilus, or whether it was acquired more than once, in which case it is reasonable to assume one more independent acquisition for C. maimaiphilus.
Oribatid phoronts occur on various arthropods (Blattodea, Diptera, Hymenoptera, and Coleoptera among insects; Opiliones [harvestmen]) [28] [29] [30] [31] [32] [33] [34] [35] [36] but also on a variety of vertebrates [37] [38] [39] . Although a modern association between an oribatid mite and an orthopteran, which would constitute an extant counterpart to our fossil case, has never been reported, the diversity of arthropod groups hosting oribatid mites indicates that their range is most likely underestimated. Additionally, the range of mite lineages hosted by Orthoptera is likely insufficiently scrutinized. Our cursory survey of a few orthopteran specimens revealed among others two non-oribatid mite species parasitizing a single individual of Chauliogryllacris sp. (Figure S3 ). Incidentally, this is the first report of an association of a Mesostigmata and of a Parasitengona with a gryllacridid orthopteran (previously reported on tettigonid and caeliferan Orthoptera [40] [41] [42] ) and one of the very few cases when mites of two superorders have been found on a single host. We therefore assume that our knowledge of modern mite-arthropod interactions could be improved. The lack of an extant counterpart to our association does not preclude the likelihood of our conclusions on the current fossil case.
Given the above, the observed interaction is likely a case of phoresy, more particularly of ''passive phoresy,'' which refers to a lack of evident morphological adaptation in the epibiont [28] . The present discovery is the first pre-Cretaceous case (and one of very few overall [6] [7] [8] [9] [10] [11] ) of a fossil mite associated with another, larger animal, revealing the very ancient occurrence of an association deemed to be successful. Indeed, among Oribatida, phoresy occurs in each of the species-rich groups (herein in Mixonomata, for the first time), although its commonness differs dramatically (Figure 4) . The hyper-diverse Astigmata, to which dust mites, scabies mites, and numerous stored-product pests belong, possess a phoretic deutonymphal life stage [15, 26] , and phoresy is one of their key life history traits. More generally, mite taxa, of which some representatives use other animals' dispersal abilities (e.g., Ixodida and Mesostigmata, both among the Parasitiformes; Parasitengona and Heterostigmata, both among the Trombidiformes; and Astigmata, among the Sarcoptiformes), are among the most speciose ones [15, 43] . The current case therefore provides an extraordinarily lucky snapshot of the early development of this association.
EXPERIMENTAL PROCEDURES
When split, the slab exposed only the mesothorax and metathorax of the insect. Other parts were exposed by removal of the overlying matrix on both sides of the slab. From each side, a block of about 30 mm 3 containing the mite was then extracted to allow for tomography (the only exposed antenna of the insect was damaged during the operation). Optical photographs were obtained using a Canon EOS 5D Mark III camera coupled with a Canon MP-E 65-mm macro lens. The photograph reproduced as Figure 1A is a composite of photographs of each side under dry conditions prior to the mite extraction. The scanning electron microscopy (SEM) images reproduced as Figures 2B and 2F were taken with the mite in situ using the Collections SEM facility of the Musé um National d'Histoire Naturelle (Paris, France). All images were optimized using Adobe Photoshop CS6, uniformly.
After extraction, both sides of the fossil mite were scanned on the PSICHÉ beamline of the SOLEIL synchrotron (Saint-Aubin, France) with a voxel size of 0.65 mm and a single propagation distance of 45 mm. A monochromatic beam of 29.2 kiloelectron volts (DE/E $ 3 3 10 À4 ) was selected from the insertion device spectrum by a Si (111) Bragg-Bragg double crystal monochromator. The detector camera was a Hamamatsu ORCA Flash 4.0 sCMOS, and the scintillator a 50-mm LuAG. We performed a scan of 1,001 projections of 0.5 s over 360 degrees, with phase retrieval using a Paganin process [44] . Volumes were reconstructed using ESRF PyHST2 software [45] for the dorsal side, the final reconstruction was carried out using 2 3 2 binning of the pixels to 1.3 mm. Segmentation and 3D rendering were performed at the Paleontology Imaging Unit (MNHN Dé partement Histoire de la Terre and CNRS MNHN UPMC Sorbonne Université s UMR 7207 -CR2P) using VGStudio MAX (Volume Graphics). A selection of sections is reproduced in Figure S1 . In addition to images composing Figures 2C, 2G, and 3 , an interactive 3D view, which is a composite of scans of each side of the mite individual, is provided as Figure S2 . 
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